Eukaryotic centromeres contain the kinetochore, which connects chromosomes to the 29 spindle allowing segregation. During meiosis centromeres are suppressed for crossovers, as 30 recombination in these regions can cause chromosome mis-segregation. Plant centromeres 31 are surrounded by repetitive, transposon-dense heterochromatin that is epigenetically 32 silenced by histone 3 lysine 9 dimethylation (H3K9me2), and DNA methylation in CG and 33 non-CG sequence contexts. Here we show that disruption of Arabidopsis H3K9me2 and 34 non-CG DNA methylation pathways increases meiotic DNA double strand breaks (DSBs) 35 within centromeres, whereas crossovers increase within pericentromeric heterochromatin. 36
Methylation (RdDM) pathway is sufficient to silence Arabidopsis euchromatic crossover 130 hotpots (Yelina et al. 2015) . This is consistent with DNA methylation suppressing meiotic 131 
Transposon insertions into CMT3 appear to induce meiotic recombination 148
In a large scale screen for de novo insertions of the non-autonomous maize transposable 149 element Dissociation (Ds) introduced into Arabidopsis, a transgene strongly expressing the 150 Activator (Ac) transposase was crossed to plants containing Ds 'launch-pads', triggering Ds 151 transposition in clonal cell lineages within F 1 plants (Sundaresan et al. 1995) . As Ds 152 elements are known to preferentially transpose to linked sites (Bancroft and Dean 1993; 153 Jones et al. 1990 ), a positive-negative selection scheme was implemented in F 2 progeny to 154 select against the Ds launch-pad and for transposed Ds (Sundaresan et al. 1995) . In this 155 way recovery of F 2 transpositions was dependent on recombination between the transposed 156
Ds and the launch-pad, and should be mostly unlinked. Three launch-pads on chromosome 157 1, DsE2, DsE3 and DsE6 (Fig. 1 ), were used to generate 9,622 independent transpositions, 158 which were mapped using TAIL-PCR (Springer et al. 1995 observed that mutations that disrupt H3K9me2 and non-CG DNA methylation to 219 progressively greater extents resulted in progressively greater increases in CEN3 crossover 220 frequency (suvh5 suvh6 < cmt2 < drm1 drm2 < kyp < cmt3 < drm1 drm2 cmt3 < kyp suvh5 221 suvh6) (all X 2 P<2.0×10 -16 ) ( Fig. 2C and Supplemental Table S1 ) (Stroud et al. 2014 (Stroud et al. , 2013 . We used published bisulfite sequencing data to analyse DNA methylation levels within the 250 CEN3 interval in the genotypes analysed for crossover frequency (Stroud et al. 2013 ). Within 251 this series of mutants, levels of CHG DNA methylation showed a strong negative correlation 252 Supplemental Table S6 ). Together these data indicate that mutations in the H3K9me2/non-278 CG pathway primarily activate crossover frequency in proximity to the centromeres. 279 280
Genome-wide mapping of crossovers in chromomethylase3 mutants 281
We next sought to map crossovers genome-wide in wild type compared with a 282
H3K9me2/non-CG mutant background, using segregation of single nucleotide 283 polymorphisms (SNPs). CMT3 is the major CHG context DNA methyltransferase in 284
Arabidopsis, for which mutant alleles are available in both Col (cmt3-11) and Ler (cmt3-7) Table S7 ). This confirmed significant 290 increases in pericentromeric recombination in the cmt3 population compared to wild type, 291 consistent with our previous FTL measurements ( Supplemental Table S7 ). To map 292 crossovers at high resolution we performed genotyping-by-sequencing (GBS) of 437 wild 293 type and 384 cmt3 F 2 individuals, which identified 3,320 and 2,803 crossovers, respectively 294 and Supplemental Table S8 ). 300
301
To analyse crossover distributions throughout the genome we defined, (i) the centromere as 302 the contiguous recombination-silent regions in wild type that surround the centromeric 303 assembly gaps, (ii) the pericentromeres as regions flanking the centromeres with higher than 304 average DNA methylation, and (iii) the chromosome arms as the remainder of the sequence 305 
Normalized crossovers
Proportion of chromosome arm
Wild type cmt3 Supplemental Table S9 ). Consistent with our FTL analysis, we observed that 333 GBS-mapped crossovers were significantly increased in the cmt3 pericentromeric regions 334 (24.6 versus 27.8% of events were pericentromeric in wild type versus cmt3, X 2 P=5.60×10 -335
3 ), which are strongly depleted of CHG DNA methylation in cmt3 (Fig 3D, 3F and 336 Supplemental Table S10 ) (Stroud et al. 2013 ). We also observed elevated centromeric 337 crossovers (n=13) in cmt3 (X 2 P=2.63×10 -4 ), which were completely absent in wild type 338 (Supplemental Table S10 ). The chromosome arms showed a significant decrease of 339 Table S10 ). These data confirm that 340 crossovers increase in proximity to cmt3 centromeres, but that the increase is strongest in 341 the flanking pericentromeric regions ( Fig. 3D and 3F ). It is important to note that this 342 experiment is performed in a Col/Ler hybrid context, in contrast to our previous FTL 343 experiments, which are in a Col/Col inbred background (apart from the hemizygous 344 fluorescent protein-encoding transgenes) (Fig. 2) . In a Col/Ler hybrid context, centromeric 345 crossovers are likely to be additionally suppressed by structural polymorphisms, including in Crossovers can be detected by immunostaining for MLH1, which marks class-I interfering 402 crossover foci (Crismani et al. 2012 ). Therefore, we scored MLH1 foci associated with 403 euchromatin or heterochromatin, based on DAPI staining, in wild type and kyp suvh5 suvh6 404 mutants (Fig. 4C, 4E and Supplemental Table S13 ). We observed a slight but significant 405 increase in MLH1 foci numbers in kyp suvh5 suvh6 (mean=11.1) compared to wild type 406 (mean=9.4) at diakinesis (Mann-Whitney-Wilcoxon test, P=1.64×10 -7 ) ( Fig. 4C and 4E and 407 Supplemental Table S13 ). Importantly, MLH1 foci were also significantly increased in kyp 408 suvh5 suvh6 heterochromatin (mean=2.9), compared to wild type (mean=1.7) (Mann-409 Whitney-Wilcoxon test, P=4.22×10 -5 ) (Fig. 4C and 4E and Supplemental Table S14 ). This 410 provides cytological support for our crossover mapping and indicates that MLH1-dependent 411 repair contributes to the increase in pericentromeric crossovers observed in H3K9me2/non-412 CG DNA methylation mutants. Therefore, we constructed cmt3 zip4 and cmt3 fancm double mutants and compared CEN3 422 crossover frequency and fertility to wild type and single mutants (Fig. 5A-5C and 423
Supplemental Tables S14 and S15). Unlike fancm, cmt3 was unable to suppress zip4 424 infertility ( Fig. 5A-5B and Supplemental Table S15 ). However, a small but significant CEN3 425 crossover increase was observed in cmt3 zip4, compared with zip4 alone (X 2 P=2.99×10 -9 ), 426 which indicates that the class II pathway also contributes to increased crossovers in cmt3 427 mutant centromeres ( Fig. 5C and Supplemental Table S14 ). Additionally, the cmt3 fancm 428 double mutant shows an additive increase in CEN3 crossover frequency, compared with 429 cmt3 (X 2 P=3.34×10 -10 ) and fancm (X 2 P=2.66×10 -7 ) single mutants ( Fig. 5C and 430 Supplemental Table S14 ). Hence, increased pericentromeric recombination in H3K9me2 431 and non-CG DNA methylation mutants involves contributions from both interfering and non-432 interfering crossover repair. Myc to kyp suvh5 suvh6 and generated SPO11-1-oligonucleotide sequencing libraries 472
( Supplemental Table S16 ). In wild type, SPO11-1-oligonucleotides are suppressed in 473 centromeric heterochromatin, but are significantly increased in kyp suvh5 suvh6 mutants 474 (Poisson regression model P=1.24×10 -14 ) (Fig. 6A) . Interestingly, the increased DSBs 475 observed in kyp suvh5 suvh6 were primarily in the centromeres, while crossover increases 476 observed in cmt3 were primarily in the pericentromeres (Fig. 6A ). Hence, while both meiotic 477
DSBs and crossovers increase in H3K9me2/non-CG mutant heterochromatin, they are 478 elevated in adjacent centromeric and pericentromeric regions, respectively. Further matches to the CEN180 consensus flank these gaps and we identified 3,397 repeats 485 in the Col reference genome that occur in large tandemly repeated arrays (Fig. 6B ). SPO11-486 1-oligo density was analysed in 20 kb windows around these repeat positions and compared 487 to the same number of randomly chosen windows, in wild type and kyp suvh5 suvh6 (Fig.  488   6C) . The CEN180 regions analysed overall showed lower than random SPO11-1-489 oligonucleotide levels in wild type (Fig. 6C) . Consistent with the SPO11-1-oligo increase in 490 centromeric regions at the chromosome scale (Fig. 6A) , we observed a pronounced increase 491 in DSBs in the CEN180 repeats at the fine-scale in kyp suvh5 suvh6 (Fig. 6C) . Interestingly, 492 the SPO11-1-oligo level was highest at the junctions between CEN180 repeats, though an 493 additional peak internal to the repeats was also observed in kyp suvh5 suvh6 (Fig. 6C) . showing normalized crossover frequency in wild type (red) and cmt3 (blue) (as in Fig. 3D) , 500 compared with the SPO11-1 differential between wild type and kyp suvh5 suvh6 (black). The 501 (Stroud et al. , 2013 . Some of these elements were associated with 526 elevated SPO11-1 oligonucleotides in kyp suvh5 suvh6 mutants, but others were not 527 (Supplemental Fig. 3) , indicating that transcriptional activation is not strictly coupled to 528 upregulation of meiotic DSB formation at Arabidopsis transposons. DSBs but with downstream inhibition of recombination steps leading to crossover. We also 541 observe evidence for SPO11-1-dependent DSBs within the Arabidopsis CEN180 repeats, 542 meaning that meiotic recombination may contribute to polymorphism within centromeric 543 satellite repeat arrays in this species (Ito et al. 2007; Maheshwari et al. 2017) . 544
545
As centromeric DSBs increase in kyp suvh5 suvh6 mutants, this demonstrates that 546 epigenetic information, including H3K9me2 and non-CG DNA methylation, plays important 547 roles in suppressing initiation of meiotic recombination in these regions. However, our data 548 also reveal complexity in how chromatin shapes meiotic recombination around plant 549 centromeres. First, while the centromeric regions show increased DSBs in kyp suvh5 suvh6, 550
in cmt3 we observed that crossovers were most elevated in adjacent pericentromeric 551
regions. An important distinction between these experiments is that SPO11-1-552 oligonucleotides were mapped in a Col/Col homozygous background, whereas mapping 553 crossover necessitates use of polymorphic Col/Ler hybrids. Following DSB formation, 554 resection occurs to generate 3'-single stranded DNA that can perform strand invasion of 555 homologous chromosomes (Keeney and Neale 2006) . Interhomolog recombination 556 downstream of strand invasion is sensitive to heterology between the recombining 557 chromosomes, which can have a locally inhibitory effect on crossover formation, and instead 558 promote non-crossover repair and gene conversion (Borts and Haber 1987; Dooner 1986) . 
